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1  | INTRODUCTION
The	mesopelagic	zone,	a	vast	oceanic	region	typically	between	depths	
of	200–1,000	m,	 is	one	of	 the	 largest	ecosystems	on	earth	 (Irigoien	











erally	 develops	 forming	 a	 habitat-	restrictive	 anoxia	 zone	 (Robinson,	
Steinberg,	et	al.,	2010;	Robison,	2004).	Recent	upward	expansion	of	
the	OMZ	may	threaten	the	lives	of	large	predators	by	reducing	their	
biota-	rich	 foraging	 zone	 (Bograd	 et	al.,	 2008;	 Stramma	 et	al.,	 2008,	
2012),	 but	 the	 importance	 of	 the	 mesopelagic	 zone,	 including	 the	
deep	 anoxia	 zone,	 as	 a	 foraging	 habitat	 for	 large	 predators	 has	 not	
been	fully	described.
Despite	the	low	prey	availability	and	high	costs	of	diving	to	great	










of	deep	diving.	Hence,	 the	role	of	marine	mammals	 in	 the	deep-	sea	
ecosystem	remains	largely	unknown	(Robison,	2004).
Elephant	seals	are	 typical	mesopelagic	 foragers	and	dive	contin-













&	 Feldkamp,	 1988;	 Thums,	 Bradshaw,	 &	Hindell,	 2011),	 movement	
pattern	 (Le	 Boeuf	 et	al.,	 2000;	 Robinson,	 Simmons,	 et	al.,	 2010),	











Cox,	 Picard,	 Vacquié-	Garcia,	 &	 Guinet,	 2016).	 These	 results	 have	





































of	 the	foraging	migration.	 In	addition,	 two	video	units	were	used	 in	
this	study,	which	were	triggered	to	start	recording	by	a	three-	way	on-
board	system	that	 included	the	start	 time,	start	depth,	and	the	 first	
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head-	strike	motion	 after	 the	 set	 time	 and	depth.	 In	 this	 study,	 one	









other	 morphometric	 measurements	 were	 obtained	 using	 standard	
protocols	(Le	Boeuf	et	al.,	2000;	Robinson,	Simmons,	et	al.,	2010)	at	
instrument	deployment	and	 recovery	before	 leaving	 the	colony	and	








We	 developed	 a	 long-	term	 jaw-	motion	 recorder	 (KKL;	 “Kami	 Kami	
Logger,”	Little	Leonardo	Co.,	Tokyo,	Japan;	diameter	20.2	mm,	length	
73	mm,	 mass	 48	g:	 (Naito	 et	al.,	 2013)).	 To	 extend	 the	 recording	
duration	 with	 a	 high-	speed	 acceleration	 sampling	 rate,	 an	 onboard	
data-	processing	algorithm	was	developed	to	detect	JME,	which	were	
identified	using	an	amplitude	 threshold	 for	detection	of	 the	events,	










































2.4 | Feeding rates for comparison
In	this	study,	we	examined	variability	in	JME-	based	feeding	rates	using	
the	 following	biological	 assumptions:	 (1)	 Feeding	 rates	will	 increase	
with	 body	 mass	 to	 serve	 larger	 metabolic	 demands	 (Boyd,	 2002;	
Costa,	 1993),	 if	 all	 seals	 forage	 on	 similar	 mesopelagic	 small	 prey	
on	average	based	on	 the	 reports	on	numerous	prey	catch	attempts	
by	 suction	 feeding	 mode	 (Jouma’a	 et	al.,	 2015;	 Naito	 et	al.,	 2013;	
Richard	et	al.,	2016)	and	myctophids	as	predominant	prey	as	shown	
by	 stable	 isotope	 analyses	 (Bailleul	 et	al.,	 2010;	Cherel	 et	al.,	 2008)	















2.5 | Oxygen concentration and water temperature  
data
We	 obtained	 dissolved	 oxygen	 and	 water	 temperature	 data	 from	
the	NOAA	data	center	 (NOAA	World	Ocean	Data	Center,	averaged	
with	values	collected	from	1955	to	2012,	http://data.nodc.noaa.gov/
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woa/WOA13/DOC/woa13v2).	We	 also	 obtained	 dissolved	 oxygen	
concentrations	and	water	temperature	profiles	(NOAA	World	Ocean	
Data	 Center,	 representing	 the	 average	 of	 one-	degree-	square	 at	
44.5°N,	130°E).
2.6 | Statistical analysis
Statistical	 analyses	 were	 carried	 out	 in	 the	 statistical	 program	 R	 (v.	
2.15.3,	Foundation	for	Statistical	Computing,	Vienna,	Austria).	The	 lm 
function	 in	the	stats	package	was	used	to	fit	 linear	models	 (LM).	The	
lmer	 function	 in	 the	 lme4	 package	was	 used	 to	 fit	 generalized	 linear	











3.1 | Data set and diving costs
We	 successfully	 obtained	 a	 complete	 data	 set	 of	 JME	 and	 diving	













zones	 suggesting	 that	 the	 500–600	m	 depth	 zone	 was	 the	 main	
foraging	depth	 zone	 for	 all	 seals	 (Figure	2a).	Dive	 cycle	 time	 (DCT)	
gradually	increased	with	dive	depth	as	we	had	assumed	(Figure	2a,b;	
Table	2).
3.2 | Feeding rates and body mass
While	DCT	increased	gradually	with	depth	as	predicted,	feeding	rates	
generally	decreased	toward	500	m	depth	but	converged	between	500	





depths	 (Figure	2a).	Thus,	we	defined	 the	>800	m	depth	zone	as	 the	
OMZ	in	this	study.
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According	to	our	assumption	that	seals	fed	on	homogenous,	small	
prey	types	(all	seals	forage	on	small	prey	on	average	(10–20	g;	Naito	
et	al.,	 2013)),	 and	 similar	 feeding	 rates	 in	 each	 seal	were	 expected.	
However,	we	 found	 large	 variations	 in	 feeding	 rates	 at	 700–800	m	
and	>800	m	among	the	seals	(Figure	2a,b).	We	then	examined	the	ef-
fect	of	 seal	 body	mass	on	 the	number	of	JME	and	 feeding	 rates	 to	
test	whether	 larger	 seals	 had	 a	 higher	 number	 of	JME	 than	 smaller	
seals	to	meet	higher	metabolic	needs.	Contrary	to	our	prediction,	the	
total	number	of	JME	 (hereafter	nJME)	during	migration	and	 feeding	
rates	 (nJME/day)	 during	migration	 did	 not	 increase	with	 body	mass	
but	 rather	 tended	 to	 decrease	with	 body	mass	 among	 the	12	 seals	
(Figure	2c,d;	Table	2).	This	suggests	 that	 larger	seals	might	have	for-
aged	on	larger	prey	on	average	to	meet	their	larger	metabolic	demands.
To	examine	 the	effect	of	body	mass	on	 feeding	 rates	 in	different	
depth	zones,	we	compared	the	relationships	between	body	mass	and	
dive	number,	 the	 ratio	of	 the	number	of	JME	to	 the	 total	number	of	





rates	 tended	 to	 decrease	 with	 body	 mass	 in	 500–600	m	 and	 600–
700	m	depth	zones,	but	not	 in	700–800	m	and	>800	m	depth	zones	












































































Candidate GLMM AICc Intercept Slope coefficient Marginal R2  
(a) Figure 2b
DCT ~ Dive depth 1,510.5 1,093.5 0.65 .34
DCT	~	1 1,598.7 1,563.7
(b)
Feeding rate ~ Dive depth −876.0 0.018 0.0000093 .02
Feeding	rate	~	1 −873.5 0.024
Candidate LM AICc Intercept Slope coefficient R2  
(c) Figure 2c,d
Total no. of JME ~ Body mass 281.7 250,265.9 −371.3 .34
Total	no.	of	JME	~	1 283.0 111,884.0
(d)
nJME/day ~ Body mass 181.1 3,377.00 −4.80 .27
nJME/day	~	1 181.3 1,587.80   
(e) Figure 3a–c
No.	dives500	~	Body	mass 176.0 1,521.06 −1.36 .04
No. dives500 ~ 1 172.9 1,016.00
No. dives600 ~ Body mass 172.6 2,971.70 −5.02 .45
No.	dives600	~	1 176.2 1,100.50
No.	dives700	~	Body	mass 183.2 1,378.68 −2.33 .07
No. dives700 ~ 1 180.4 510.50
No. dives800 ~ Body mass 163.5 −1,182.39 3.85 .51
No.	dives800	~	1 168.4 251.60
(f)
Ratio500	~	Body	mass −19.7 0.2506 0.0001 <.01
Ratio500 ~ 1 −23.3 0.2967
Ratio600	~	Body	mass −22.3 0.6610 −0.0009 .23
Ratio600 ~ 1 −22.8 0.3254
Ratio700	~	Body	mass −14.7 0.3516 −0.0006 .06
Ratio700 ~ 1 −17.7 0.1427
Ratio800 ~ Body mass −36.9 −0.3344 0.0011 .60
Ratio800	~	1 −29.6 0.0715
(g)
nJME-based FR500 ~ Body mass −91.2 0.04829 −0.00007 .33
nJME-	based	FR500	~	1 −90.0 0.02382
nJME-based FR600 ~ Body mass −98.8 0.04612 −0.00006 .46
nJME-	based	FR600	~	1 −95.0 0.02267
nJME-	based	FR700	~	Body	mass −70.4 0.02962 −0.00002 .01
nJME-based FR700 ~ 1 −74.0 0.02271
nJME-	based	FR800	~	Body	mass −66.5 0.03749 −0.00004 .02
nJME-based FR800 ~ 1 −69.9 0.02328   





and	 ingested	 these	 small	 fish,	 based	 on	 distinguishing	 head	move-
ments.	One	 fish	appeared	3–4	 times	over	 several	 frames	 in	a	 short	
interval	without	being	consumed	by	the	seal.	All	fish	were	identified	





4.1 | Diving cost to the OMZ
Our	results	suggest	that,	as	predicted,	the	time	costs	of	diving	to	
the	OMZ	were	high	as	shown	by	increasing	DCT	with	dive	depth	
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(Figure	2b,	 Table	 2).	 DCT	 generally	 increased	 with	 depth	 with	
some	 variations	 among	 individual	 seals,	 but	DCT	was	 not	 a	 sim-
ple	function	of	dive	depth	and	might	vary	if	seals	search	for	prey	
horizontally	 at	 the	bottom	of	dives.	 Seals	 appeared	 to	 shift	 their	
dive	time	for	searching	for	prey	from	horizontal	to	vertical	dimen-




times	 than	 in	 shallow	 dives.	 Such	 V-	shaped	 dive	 profiles	 (Naito	
et	al.,	 2013)	 characterized	 the	 dives	 to	 the	OMZ	 as	well	 as	 prey	
distribution	pattern	in	this	zone.
4.2 | Body mass effect and the size of prey



























are	 dominant	 in	 the	mesopelagic	 zone	 (Cherel	 et	al.,	 2008;	 Irigoien	





numbers	 of	 JME	 and	 lower	 average	 feeding	 rates	 during	 the	 post-
breeding	 migration	 (Figure	2c,d,	 Table	2).	 If	 larger	 seals	 have	 larger	
overall	 energy	 requirements	 than	 smaller	 seals	 (Costa,	 1993;	 Boyd,	
2002),	this	suggests	that	the	size	of	consumed	prey	might	not	be	the	
same	 for	 all	 seals	 and	might	 be	 larger	 for	 large	 seals	 to	meet	 their	





Robison,	 2004).	 Larger	 seals	 tended	 to	 show	 lower	 feeding	 rates	 in	
the	500–600	m	and	600–700	m	depth	zones,	but	not	in	700–800	m	





















based	 feeding	 rates	 nonlinearly,	 even	 though	 all	 the	 animals	 in	 this	
study	were	sexually	mature.
4.3 | Prey behavior in the OMZ
We	examined	how	prey	type	and	prey	behavior	related	to	the	OMZ	
with	 a	 video	 recorder.	 Our	 video	 recorded	 the	 rarely	 reported	 or	
captured	ragfish	 (Allen,	2001).	The	video	records	 indicated	that	rag-
fish	 were	 found	 in	 patchy	 locations.	 Compared	 to	 Weddell	 seals,	
Leptonychotes weddellii,	(Naito	et	al,	2010),	elephant	seals	may	be	less	
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